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bstract

The corrosion performance of several Ni–Al alloys in 62 mol% Li2CO3–38 mol% K2CO3 at 650 ◦C has been studied using the weight loss
echnique. Alloys included 50Ni–50Al at.% (NiAl) and 75Ni–25Al at.% (Ni3Al) alloys with additions of 1, 3 and 5 at.% Li each one, with or
ithout a heat treatment at 400 ◦C during 144 h. For comparison, AISI-316L type stainless steel was also studied. The tests were complemented
y X-ray diffraction, scanning electronic microscopy and micro-analyses. Results showed that NiAl-base alloy without heat treatment presented
he lowest corrosion rate even lower than Ni3Al alloy but still higher than conventional 316L-type stainless steel. In general terms, by either by
eat treating these base alloys or by adding Li, the mass loss was increased. This effect was produced because by adding Li the adhesion of the

xternal protective layer was decreased by inducing a higher number of discontinuities inside the grain boundaries. When the alloys were thermally
nnealed, these irregularities in the grain boundaries disappeared, decreasing the number of paths for the outwards diffusion of Al from the alloy
o form the external, protective Al2O3 layer.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Molten carbonate fuel cells (MCFC) are energy conversion
evices that directly convert chemical energy in fossil fuels
nto electricity. MCFCs operate in molten carbonate (Li,K)2CO3
lectrolyte at about 650 ◦C and consist of several cells composed
f absorbent, lithiated NiO cathode, LiAlO2 ceramic matrix and
bsorbent Ni anode connected by stainless-steel separator plates.
he severe corrosion of stainless steel when is used as a separa-

or material is well known [1,2] and is one of the main problems
o be resolved for the commercialization of MCFC’s. Indeed,

he corrosion of the wet-seal of the separator is the most serious
roblem for achieving maintenance-free operation for 40,000 h
pproximately.

∗ Corresponding author.
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NiAl and Ni3Al intermetallics are used as high-temperature
erospace materials, and several other applications have been
ound due to their high-melting point (1395–1638 ◦C), low den-
ity and excellent thermal conductivity. NiAl forms NiO which
issolves in molten carbonate and causes reduction of the cur-
ent density by electrical discharge when corrosion continues
n molten carbonate. This has been noted as one of the main
actors that reduce the cell output [3] energy. Indacochea et al.
4] used stainless steel such as AISI-316L or 310S but found
ome problems such as changes in the stainless-steel structure
ue to the high-annealing temperature (above 1000 ◦C). Murai
t al. [5] used Al–Ni plated material and reported to provide
onger lifetime than Al-plated material. For a large amount of
l in Al–Ni plated materials, Al is retained as an Al–Ni inter-

etallic compound under the LiAlO2 layer. On the contrary, the
l in Al–Ni plated material tends to diffuse from the surface

nto the substrate. NiAl is the main compound of the Al–Ni
lated coating and provides a sufficient source of Al to the
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iAlO2 layer, which is the stable form of alumina (Al2O3) in
olten Li/K carbonate. Pérez et al. [6] evaluated the behavior

f the Al coated AISI-310S type stainless steel by the slurry
ethod in an ion vapor deposition (IVD) in molten carbon-

te at 650 ◦C. Their characterization has shown the presence
f LiAlO2 coating, that allowed an important increment of the
teel lifetime in molten carbonate. Agüero et al. [7] deposited
eCrAl and NiAl on t AISI-310 type stainless-steel surface by
sing the thermal spray coatings method and tested by immer-
ion in a molten carbonate eutectic mixture at 700 ◦C. Their
esults indicate that the FeCrAl coating exhibited a higher molten
alt corrosion resistance than IVD aluminum coatings, whereas
he NiAl was damaged shortly after the beginning of the test.
scudero et al. [8] evaluated lithium–nickel mixed oxides with
igh-lithium content (LixNi1−xO, x = 0.30–0.40) in an eutectic
elting (Li,K)CO3 at 650 ◦C, and the results showed that Li–Ni

xides samples reduced the nickel dissolution in the eutectic in
ne order of magnitude compared to the NiO.

Ni–Al type intermetallics are widely used due to their high-
emperature oxidation resistance and their ability to develop an
l2O3 protective layer which also provides corrosion resistance

n molten salts [9,10]. However, one of the main problems for
hese aluminides is their poor ductility. Salazar et al. [11] found
hat by alloying with Li results in the improvement of their ductil-
ty measuring their compressive ductility, and this improvement
as increased when the specimens were annealed at 400 ◦C dur-

ng 120 h. Thus, the aim of this work is to evaluate the effect
f small additions of Li on the corrosion resistance of Ni–Al
ntermetallics in molten (Li,K)2CO3 at 650 ◦C with heat treat-
ent and compare them with an AISI-316L type stainless steel,

ommonly used in bipolar plates in MCFCs.

. Experimental procedure

Intermetallic 50Ni–50Al at.% (NiAl) and 75Ni–25Al at.%
Ni3Al) alloys were melted in an induction furnace using
tainless-steel crucibles. Pure Li with 1, 3 and 5 at.%, respec-
ively, were added to the Ni–Al intermetallic compounds. All
lements were 99.9% of purity. In order to avoid the speci-
ens machining procedure the ingots were obtained with final

imensions according to the E800b ASTM standard. Cylindrical
pecimens dimensions were 1.2 cm diameter × 4.5 cm length in
he test section and 5.0 cm for the final section. The ingots were
omogenized to minimize the thermal vacancy effects by heat
reating (HT) at 400 ◦C during 120 h under an argon atmosphere.
he corrosive salts used in the tests were synthetic potassium
arbonate (K2CO3) and pure lithium carbonate (Li2CO3) with
he composition 62 mol% Li2CO3–38 mol% K2CO3 at 650 ◦C.
ll the reagents were analytical grade. Before corrosion tests the

pecimens (30 mm × 20 mm × 1 mm) were cleaned with ace-
one and dried with hot air, and finally packed in the mixture of
alts in porcelain crucibles with 500 mg cm−2 of the synthetic
alt. The corrosion tests were carried out into an electric furnaces

n a static air during 100 h. After the corrosion tests, the corro-
ion rate was measured as weight loss. Three specimens of each
ondition test were decaled and chemically cleaned according
o ASTM G1 81 standard: all the specimens, including 316L

a
t

m
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ype stainless steel, were immersed in ammonium citrate, in a
oncentration of 200 g l−2 at 80 ◦C, several times until no more
eight loss was detected. One of each specimens was mounted

n bakelite in a cross-section and polished to analyze the sub-
urface corrosive attack using a scanning electron microscopy
SEM) equipped with energy dispersive spectroscopy (EDX)
ystem to carry out chemical analyses. Finally, the corrosion
roducts of some specimens were analyzed in a Phillips X-ray
iffractometer.

. Results and discussion

Fig. 1 shows the microstructure of NiAl-base alloys, where
t is observed the presence of a great amount of small particles
sub-grains) of 20 �m approximately on the surface sample that
artially disappeared for the heat treated specimens (Fig. 1b).
n Fig. 1b it is observed the presence of almost a single-phase
tructure with a remarked misorientation between the grains,
hich is in good agreement with the phase diagram. Fig. 1c

nd d show the surface image of the samples with 5Li at.%,
howing a recrystallized structure and specifically in Fig. 1d,
or the annealed specimen, it is observed a clear sub nucleation
nside the grain, which produced a great amount of small sub-
rains and, thus, a higher surface area, correlated with a larger
rain boundaries and the generation of a coarser structure. On
he other hand, Fig. 2a and b present the microstructure of the
i3Al alloys with no Li additions in the as-cast and annealed

onditions, respectively. It is clear the presence of interdendritic
pace (dark zone) which corresponds to a NiAl cubic B2-crystal
tructure due to the presence of less area fraction, while the den-
ritic zone is a Ni3Al cubic L12 crystal structure. Between these
wo samples there is not a remarkable difference on morphology,
nly a partial reorientation of the grains, as observed in Fig. 2b.
n Fig. 2c and d a change on the surface of the samples which
ontain 5 at.% of Li can be observed, mainly in the formation
f sub-grains inside the interdendritic space, a coarser structure
n comparison with the sample without Li, and this nucleation
nside the grains presumably is produced by the addition of Li.

Fig. 3 shows the mass loss of the different materials, without
eat treatment, after exposure into a molten (Li,K)2CO3 deposit
uring 100 h at 650 ◦C, whereas the results for the heat treated
lloys are given in Fig. 4. It can be seen that the NiAl-base alloy
ithout heat treatment suffers the lowest mass loss, but still
igher than that for 316L stainless steel for about one order of
agnitude. In the case of NiAl without heat treatment, the higher

he Li contents, the greater the mass loss. The corrosion rate for
i3Al alloy was one order of magnitude higher than that for NiAl

lloy, and for this reason it is established that the addition of 1
nd 5% Li decreased this corrosion rate, whereas the addition
f 3% Li increased it. When the alloys were heat treated, all the
lloys had a similar mass loss, but the NiAl alloy still with the
owest corrosion rate, one order of magnitude higher than the
ame alloy without heat treatment. Concluding, in the case of

nnealed specimens, we can say that, regardless the Li contents,
he alloys showed very similar corrosion rates.

SEM micrograph of the NiAl-base alloy without heat treat-
ent is given in Fig. 5, showing the corrosion products layer. A
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Fig. 1. Microstructures of the NiAl alloy observing in (a) as cast sample, with no Li additions; (b) annealed sample with no Li additions; (c) sample with 5% Li
without heat treatment; and (d) sample with 5% Li and with heat treatment.

Fig. 2. Microstructures of the Ni3Al alloys observing in (a) as cast sample with no Li additions; (b) annealed sample with no Li additions; (c) sample without heat
treatment with 5% Li; and (d) annealed sample with 5% Li.
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ig. 3. Weight loss of NiAl and Ni3Al intermetallic alloys in molten (Li,K)2CO3

t 650 ◦C during 100 H.

ocalized type of corrosion, pits-like, can be seen on the metal
urface, EDX analysis performed inside of these pits show that
he corrosion products were made mainly of Ni, Al, Fe and K.
ince we are using high-purity NiAl alloys, the detected Fe must
ome from the crucible (which was made of stainless steel). The
-ray diffraction pattern, shown in Fig. 6, reveals the presence
f the NiAl aluminide phase together with LiKCO2, K2CO3,
he salt components, NiO, but it is notorious the presence of
he LiAlO2 oxide. LiAlO2 has been reported to give some cor-
osion protection in molten carbonate mixtures [12–14] It was
ot detected the presence of a protective Al2O3 which maybe
as absorbed by the eutectic (Li,K)2CO3 deposit, and it was

ransformed in to LiAlO2.
SEM image of the corroded NiAl alloy surface containing 3Li

at.%) is shown in Fig. 7 together with the EDX analysis of the
orrosion products on the metal/deposit interface. This images
evealed the presence of localized type of corrosion, as pitting
amage, whereas a micro-chemical analysis inside these pits

evealed the presence of Al, Ni, Fe and K. Once again, Fe must
ome from the stainless-steel crucible. The corrosion products
onsisted, again, of LiKCO2, K2CO3, NiO and LiAlO2 oxides,
s can be seen in Fig. 8.

ig. 4. Weight loss of heat treated NiAl and Ni3Al intermetallic in molten
Li,K)2CO3 at 650 ◦C during 100 H.
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ig. 5. Micrograph of NiAl specimen corroded in molten (Li,K)2CO3 at 650 ◦C
ogether with an EDX analysis of the corrosion products in point A.

A cross-section of the corroded surface for heat treated alloy
ontaining 3Li (at.%) is presented in Fig. 9 together with the

-ray mappings of Al, O and C. This figure shows the presence
f C, O and some Al. In this case, the presence of these chemical
lements at the same points may indicate that the salt compo-
ents (Li,K)CO3 have dissolved the protective Al2O3 layer. The

ig. 6. X-ray diffractogram showing the corrosion products found on the NiAl-
ase alloy.
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Fig. 7. Micrograph of NiAl + 3%Li in molten (Li,K)2CO3 at 650 ◦C together
with an EDX analysis of zone A.

Fig. 8. X-ray diffractogram showing the corrosion products found on the
NiAl + 3Li alloy.
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RD analysis of the corrosion products consisted of the same
hases found in the former specimens, i.e. LiKCO2, K2CO3,
iO and LiAlO2 oxides.
For the Ni3Al alloys the SEM and X-ray studies revealed

hat the precipitated oxides were not very different in compar-
son with those found in the NiAl alloys, regardless the heat
reatment, as is evidenced in Fig. 10. This figure shows that the
orrosion products consisted of Al, O and C, indicating that the
xternal protective Al2O3 layer perhaps had been dissolved by
he molten (Li,K)CO3, whereas the X-ray analysis revealed the
resence of the same compounds as those found in the NiAl-base
ntermetallics, i.e. LiKCO2, K2CO3, NiO and LiAlO2 oxides.

Nishina and Uchida [15] have shown that the first stage of the
eduction of the O2 in the molten carbonate resulted in a CO2
roduction with the reaction:

CO3
2− → 2O2− + 2CO2 (1)

2 + 2CO3
2− → 2O2

2− + 2CO2 (2)

hese reactions are governed by the acidity of the melt (in
he less acidic melts which correspond to our conditions), the
eaction in Eq. (2) prevails, including a more important CO2
ormation in the melt. In the case of immersion of Al-rich alloys
n molten carbonate, the following electrochemical reactions
ould take place:

l → Al3+ + 3e−toformAl2O3andLiAlO2 (3)

e → Fe3+ + 3e−toformFe2O3andLiFeO2 (4)

2
2− + 2e− → 2O2−toformreactions(2)–(4) (5)

i → Ni2+ + 2e−toformNiO(Fe, Ni)Al2O4 (6)

These corrosion products were detected by EDX
Figs. 5 and 7) and by XRD analysis (Figs. 6 and 8). In
similar way to Al and Fe, chromium present in 316L type

tainless steel must form a chromium oxide, Cr2O3, and then
eact with Li to form a compound such as LiCrO2, giving corro-
ion protection to the steel. This could explain the low corrosion
ate for AISI-316L stainless steel reported in Figs. 3 and 4.
he corrosion protection of an alloy against salt melt attack
epends on the chemical stability of both the kind of metal
nd their compounds such as oxides, carbonates, etc. In fact, a
reakdown of the protective oxide scale occurs by dissolution
nto the melt, and the degradation rate can be specially fast if
he oxide has a high solubility. With the formation of the Al2O3
ayer, the corrosion rate decreases. The predominant surface
roduct that forms between 600 and 800 ◦C has been reported
o be �-Al2O3 [16], but it is quite possible for �-Al2O3 or
-Al2O3 to exist in this temperature range [17]. These forms of
lumina are faster growing, more voluminous, more porous and
ess protective than �-Al2O3 [18]. The temperature at which a
ransition from other types of alumina to the slower growing
-Al2O3 appears to be 900 ◦C [18]. In the NiAl-base alloy,
he alumina whisker cannot form a protective layer, which
annot provide an effective barrier to stop the diffusion of Ni
nd the diffusion to the interface of the oxygen, and this can
e seen on the results obtained by the NiAl alloy which is
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Fig. 9. Micrograph of NiAl {3%Li} with heat treatment in molten (Li,K)2CO3 at 650 ◦C during 100 H together with X-ray mappings of Al, O and C.

Fig. 10. Micrograph of Ni3Al + 3%Li with in molten (Li,K)2CO3 at 650 ◦C together with X-ray mappings of Al, O and C.
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igher than those obtained by the rest of the alloys. On the
ther hand, the formation of Al2O3 consumes certain quantity
f Al, reducing its activity and partial pressure of the oxygen.
his produces a relative increment in the activities of the Ni to

eact with the molten mixture and to obtain compound such as
iO(Fe,Ni)Al2O4.
Frangini and Masci [19] has demonstrated that additions of

ome ternary elements to NiAl intermetallics such as Cr or Ti
mprove the Al2O3 protectiveness by suppressing the spalling of
hese scales. The higher the contents of Al, the higher the corro-
ion resistance, so this explains why NiAl has a higher corrosion
esistance then N3Al intermetallics. Figs. 1 and 2 showed that
dditions of Li lead to the formation of a great amount of small
ub-grains and, thus, a higher surface area, correlated with a
arger grain boundaries. The adhesion of the protective Al2O3
epends, upon some other factors, on the number of grain bound-
ries, since they represent discontinuities on the metal surface,
hich make the film less stable, since these discontinuities rep-

esent points for a weak adhesion of the scale. This explains
hy, in general terms, an increment in the Li contents brings

n increase in the corrosion rate. On the other hand, Fig. 1a
nd b, respectively, showed that by annealing the NiAl alloy the
ub-grains present in the specimen without heat treatment dis-
ppeared, bringing a decrement in the number of paths for the
utwards diffusion of the Al present in the alloy to form the exter-
al, protective Al2O3 layer, leading to a decrease the corrosion
ate when the alloy was annealed. This thermal annealing did not
ave the same effect on the N3Al intermetallic, since the mor-
hologies for both specimen with and without thermal annealing
re practically the same (Fig. 2a and b), so the corrosion rate was
ery similar for both specimens. Scale cracking, spalling or dis-
olution in a melt, makes the layer less protective and, thus, the
orrosion rate is increased. Additionally to the dissolution of the
rotective scales, the dissociation of the (Li,K)CO3 allowed the
iffusion of Li and K, and a consequent increment of these ele-
ents on the metal/scale interface. This caused the detachment

nd cracking of the protective scale, allowing the corrosion of
he material.

. Conclusions
A study on the effect of heat treatment and additions of 1, 3
r 5 at.% of Li on the corrosion performance of N3Al and NAl
ntermetallic alloy in molten 62 mol%Li2CO3–38 mol%K2CO3
t 650 ◦C has been carried out using the weight loss technique.

[
[

[
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esults showed that the NiAl-base alloy showed the lowest
egradation rate, in comparison with Ni3Al, but higher than that
or AISI-316L type stainless steel. When the NiAl intermetallic
lloy was heat treated at 400 ◦C during 144 h or alloyed with Li,
he corrosion rate is increased, but this thermal annealing did not
ffect the corrosion rate of Ni3Al. This was because by adding Li
he adhesion of the external protective layer decrease by induc-
ng a higher number of discontinuities with a higher number
f grain boundaries. When the alloys were thermally annealed,
hese grain boundaries disappeared, decreasing the number of
aths for the outwards diffusion of Al from the alloy to form the
xternal, protective Al2O3 layer.
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